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Abstract 
A direct induction process using the cold crucible technology has been developed by the French Atomic Commission and 
AREVA-NC for 25 years. In this process, walls of the crucible are cooled by internal water circulation which protect them 
from the corrosion and allow higher temperature of the molten glass. Moreover, a mechanical stirrer and air bubbling system 
promote a good homogeneity of the melt. This study describes how the air bubbling in the glass is modelled in our simulation 
and enlightens his important role in the homogenisation of the glass during his elaboration. Air bubbling in liquids as viscous 
as the glass (viscosity up to 10 Pa.s) is not common and specific models have to be built. Two different models are used, first 
one is a semi-empirical based model, and the second is a two phase model (VOF). 
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1. Introduction 
The 3D numerical simulation of elaboration of glass by induction in cold crucible [1] needs a coupled 
approach of the different phenomena: induction, thermal and hydrodynamic. Indeed, those three phenomena are 
strongly coupled because of the temperature dependence of the glass properties [2]. The hotter the molten glass, 
the higher the electrical conductivity. 
In this work, we will only present the simulation of the gas injection in the glass melt. Two different models 
are presented and used in academic case. 
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Nomenclature 
Q  Gas flow rate (L/h) 
g Gravity (m/s2) 
d0 Orifice diameter (m) 
Vg Gas velocity (m/s) 
VB Bubble velocity (m/s) 
De Equivalent diameter of bubble (m) 
f Body force imposed to the fluid (N/m3) 
Cd Drag coefficient (-) 
Vol Volume of a bubble (m3) 
p Liquid pressure (Pa) 
LU  Liquid density (kg/m3) 
LP  Liquid viscosity (m2/s) 
GH  Volume fraction of gas 
2. Semi-empirical model 
2.1. Equations 
A semi empirical based model has been developed to simulate flow circulation induced by an air bubbling 
column.  
  
 
Fig. 1. Overview of the bubbling in a 450 mm high tank (left) and description of the ‘one mesh’ model principle (right) 
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Some models already exist in the literature but most of them are valid only for low viscosity fluids compared 
to glass (viscosity up to 10 Pa s). In order to model air bubbling in the molten glass, specific experiments have 
been performed based on the principle of hydraulic similarity. They consist in replacing the glass by silicon oil of 
equivalent viscosity in a tank of the same size. This experiment facility allows us to acquire data as bubbles size, 
bubbles velocity and their behaviour. 
These experiments allow us to choose and validate correlations predicting equivalent diameter of the bubble and 
bubble velocity. These correlations are used in a so called 'one-mesh' model (cf. fig. 1b) to simulate the 
recirculation flow induced by the bubble stream rising in the glass. This model, due to Snabre et al. [3,4], consists 
in building a zone corresponding to the stream of the bubbles in which a vertical constant body force is applied to 
the fluid. The equivalent diameter of bubble (De) is given by the correlation due to [3] : 
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The gas fraction in the column, the bubbles velocity and drag coefficient are expressed as: 
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Finally, the body force imposed in the central region of the bubbling is: GL gf HU  which correspond to the 
buoyancy force of the average volume of bubble in the columns. This result is advantageously simple but neglect 
acceleration phase of bubbles. More details about the establishment of the equations of the model are available in 
[3].  
The model has been implanted in the commercial software Fluent®. A numerical simulation of the time-
average flow induced by the bubbles is obtained. This model is quite simple and is easily integrated in the 
coupling of thermal and induction phenomena presented in [5].  
2.2. Validation of the model 
Experimental velocity profiles obtained from PIV (Particle Imaging Velocimetry) measurement are available. 
The average oil flow is directly compared to numerical results on figure 2-a-b for five different values of airflow 
injected: 100, 250, 500, 750 and 1000 NL/h. A good prediction of the velocity profile in the liquid is obtained. 
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Fig. 2. Experimental vertical velocity profile on a radius at z=298mm (a) and along the vertical axis for five value of airflow Q (b) 
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3. VOF model 
A second approach consists in simulating the two-phase flow with specialized numerical method such as 
Volume Of Fluid model. This kind of model is much more precise but are also heavy time consumers. In VOF 
model, the tracking of the interface between the phases is accomplished by the solution of a continuity equation 
for the volume fraction of one of the phases. For the liquid phase, this equation has the following form: 
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A single momentum equation is solved throughout the domain, and the resulting velocity field is shared 
among the phases. The momentum equation, shown below, is dependent on the volume fractions of all phases 
through the properties ȡ and μ. : 
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First tests of using a VOF model to simulate an air column in a glass conduct of no breakup of the initial jet of 
air and consequently no formation of bubble. This problem was first expected to be due to poor mesh size or due 
to a poor nozzle geometry description. In fact, this two phase flow is a Rayleigh-Plateau instability and the 
simulation in the literature [6] of this kind of instability show that an excitation of the incoming flow is necessary 
to start the instability leading to the breakup of the air jet and the formation of bubbles. 
Figure 3 shows the jet of air simulation in a highly viscous liquid (4 Pa s). Those simulations are axisymettric 
with a height of fluid of 450mm. Airflow rate is of 1225 L/h with an orifice diameter of 4mm (velocity of air 
about 10 m/s). Figure 3-(up) show the fraction of phase of a VOF simulation without modulation of the inlet 
velocity. In this case no bubbles are formed. The air jet goes up to the free surface without breaking. Figure 3-
(bottom) shows the same case with a modulation of 4% of the incoming air flow at a frequency of 24 Hz. This 
modulation started the Rayleigh-Plateau instability leading to the formation of bubble as seen experimentally. 
 
 
 
 
 
 
 
Fig. 3. Simulation of air bubbling columns from a single orifice without sinusoidal modulation (up) and with a sinusoidal  
modulation of the inlet velocity (bottom). In red, the liquid, in blue the gas. 
Thanks to this numerical trick, we are now able to simulate air bubbling columns and possible interaction 
between the columns. Figure 4 show an example of simulation of two air bubbling columns and their coalescence 
at a certain height of the tank. It is not possible to simulate such flow with the semi-empirical model. In return, 
computation time is very high, for example in this case 1 day of calculation time for 1 physical second. 
 
ƣ 
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Fig. 4. Two air bubbling columns behavior, experimental (left), numerical simulation with VOF model (right) colors denotes velocity 
magnitude (Qair=2*1225 L/h, distance of 60 mm between the two nozzles, height of fluid of 450 mm).  
 
4. Example of thermal homogenization of a glass melt in cold crucible 
Modelisation of glass flow in cold crucible is fully described in [7]. The effect of gas bubbling in the melt is 
shown on Figures 4 and 5 in flow simulations of a 240 mm high glass bath heated by induction in a cold crucible. 
Two cases are shown, first case with only thermo-convective force (Fig. 5) and a second case with buoyancy and 
three air bubbling columns in the glass (Fig 6). We see that thermo-convective forces lead to velocity of glass 
about ~1 mm/s whereas bubbling creates stronger recirculation of glass (velocity up to 20 cm/s). In consequence, 
a better mixing of the glass is obtained leading to a better homogeneity of the temperature field of the glass 
(figure 5-left). Temperature remains low near the wall of crucible because it is cold by an inner water circulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Temperature (K) field (left) and velocity (m/s) field (right) in two horizontal cut planes. Case with only buoyancy force. 
598   Emilien Sauvage et al. /  Procedia Chemistry  7 ( 2012 )  593 – 598 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Temperature (K) field (left) and velocity (m/s) field (right) in two horizontal cut planes.  
Three air bubbling columns are active. (Q=3*1225 L/h). 
5. Conclusion 
The simulation of air bubbling columns in molten glass and the induced glass flow is performed with two 
models. A semi-empirical model using correlation build with specific experimental data is used in the 3D 
simulation of elaboration of glass in cold crucible. Its main advantage is his simplicity but can not simulate 
complex configuration. A Volume of Fluid model is also available to simulate precisely coalescence and breakup 
of bubbles in the glass but it is very expensive in computation time and is not yet used in the full simulation of 
glass flow with thermal effect. 
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